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Abstract
Objective
To investigate the feasibility of CT-based quantitative airway and air-trapping measure-
ments and to assess their correlation with pulmonary function in children with post-infectious
bronchiolitis obliterans (PIBO).
Materials and methods
This retrospective study approved by the institutional review board included chest CT scans
and pulmonary function tests (PFT) completed between January 2005 and December 2016
in children diagnosed with PIBO. The quantitative analysis of segmental and subsegmental
bronchi was performed on each chest CT scan, measuring the areas or diameters of
lumens, walls, or the entire airway. The air-trapping volume (ATV), the volume of lung area
exhibiting lower attenuation than the mean attenuation of normal and air-trapping areas,
was also measured in each lobe. Comparison analyses between CT parameters and PFT
results were performed with Pearson or Spearman correlation.
Results
In total, 23 patients were enrolled (mean age 7.0 ± 3.3 years; range, 4–15 years). We suc-
cessfully measured 89.6% of all segmental bronchi. In the airway analysis, wall area
showed a negative correlation with forced expiratory volume in one second (FEV1) in the
majority of the pulmonary lobes. Air-trapping analyses demonstrated that ATV was nega-
tively correlated with FEV1 and positively correlated with reactance at 5 Hz.
Conclusion
Quantitative airway and air-trapping measurements from chest CT are feasible and corre-
late with pulmonary function in pediatric PIBO patients.
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Introduction
Post-infectious bronchiolitis obliterans (PIBO) is a rare but potentially irreversible and highly
morbid chronic obstructive lung disease [1]. It is more common in children after a severe
lower respiratory tract viral infection, especially adenovirus infection [2]. Other respiratory
viruses such as respiratory syncytial virus and parainfluenza and other etiologies including
Mycoplasma pneumoniae and measles virus have been associated with PIBO as well as cyto-
megalovirus infection in lung transplantations. Previous reports suggest that there would be a
different prevalence of this disease in various areas of the world [2]. Histopathological features
of PIBO include the concentric narrowing and obliteration of small airways due to an inflam-
matory process surrounding the bronchiolar lumen [3].
The signs, symptoms, and prognosis of PIBO vary. The findings of physical examination
are not specific and PIBO must be suspected in any patient with bronchiolitis not improving
after 3 weeks. Confirmative diagnosis of PIBO requires histopathological examination, but
that is invasive and challenging due to clinical instability of the patient and the heterogeneous
distribution of lesions. Therefore, in actual practice, the diagnosis is often made based on clini-
cal features and computed tomography (CT) findings. The severity of disease and its clinical
course are monitored by the pulmonary function test (PFT) [1]. However, the reliability of
PFT varies depending on patient compliance, and sometimes it is difficult to assess the pulmo-
nary function of young patients [4].
In comparison, CT is easier to perform in young patients because it depends less on patient
cooperation than PFT. Although conventional CT cannot directly delineate small airways, it
does reveal secondary findings that are caused by obstruction of small airways. The character-
istic CT features of PIBO include a mosaic air-trapping pattern, bronchiectasis, and atelectasis
with heterogeneous distribution throughout the entire lung [1,5]. The greatest risk of using CT
scans with pediatric patients is radiation exposure. However, it remains the fastest and easiest
method for evaluating the whole lung, and a low-radiation CT protocol has recently been
developed that produces acceptable image quality using iterative reconstruction [6].
Quantitative imaging analysis is a promising application of CT for evaluating small airway
disease by directly measuring the airway and indirectly quantifying the degree of air-trapping.
Several studies of adult chronic obstructive pulmonary disease (COPD) and asthma have
shown that quantitative CT measurements are significantly correlated with PFT results [7–10]
and also meaningful in emphysema cohort study and COPDGene study [11,12]. However,
only a few studies have used semi-quantitative measurements of CT findings [5,13] or quanti-
tatively assessed the degree of air-trapping based on CT scans [14] performed in children.
Moreover, no dedicated studies have applied quantitative airway analysis to CT data from
pediatric patients. Recently, technical improvements have made quantitative CT airway mea-
surement in children available in spite of low spatial resolution. Therefore, we investigated the
feasibility of CT-based quantitative airway and air-trapping measurements and their correla-
tion with PFT results in children diagnosed with PIBO.
Material and methods
Patients
This retrospective study was approved by the institutional review board of Severance Hospital,
and the requirement for written informed consent was waived. We searched our institutional
database for patients younger than 15 years who were clinically diagnosed with PIBO and
underwent both chest CT scan and PFT within a one-month interval at some point between
January 2005 and December 2016. Asthma was confirmed on the basis of consistent
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respiratory symptoms verified by physicians, the presence of either a bronchodilator response
of�12% increase in the forced expiratory volume in one second (FEV1), or bronchial hyperre-
sponsiveness defined as a decrease in FEV1 of�20% with inhalation of<16 mg/mL methacho-
line. Diagnosis of PIBO was made according to the persistent respiratory symptoms (�2
months), such as tachypnea, wheezing and rales, with unsatisfactory response to inhaled corti-
costeroids or bronchodilators unlike asthma, as well as the compatible findings of chest CT
scan.
We excluded patients under 2 years because these patients underwent infant pulmonary
function tests using multiple breath washout tests. Patients with a history of malignancy or
organ transplantation, as well as those with active pneumonia with lobar consolidation during
their chest CT scan, were also excluded.
Chest CT scan
Chest CT scans were performed with one of five CT systems (Sensation 16, Sensation 64,
Somatom Definition AS+, and Somatom Definition Flash from Siemens Medical Solutions,
Erlangen, Germany; and Discovery CT 750 HD and Revolution CT from GE Healthcare, Wau-
kesha, WI, USA). Tube voltages ranging from 70 to 140 kVp were chosen based on the
patient’s weight. The automatic dose modulation technique was applied, if possible. Each
patient was moved into a supine position, encouraged to inhale deeply, and to hold their
breath during the examination, if possible. For children younger than eight years, sedation was
performed under the supervision of pediatric anesthesiologists, and scanning was done with-
out breath-holding.
All volume CT dose indices (CTDIvol) and dose length product values were recorded, from
which we calculated CTDIvol in terms of size-specific dose estimates (SSDEs) with reference
to American Association of Physicists in Medicine report 204 [15]. Effective radiation doses
were estimated by multiplying the dose length product by age-specific conversion factors [16].
We also recorded the use of iodine contrast.
Quantitative analyses of chest CT
CT scans were quantitatively analyzed by one radiologist, who was blinded to PFT results and
clinical course, using dedicated imaging analysis software (Intellispace Portal, version 7.0, Phil-
ips Medical Systems, Cleveland, OH, USA). Both airway and air-trapping parameters were
determined following the protocols outlined below.
Airway measurement. To include the most distal branches, automatic segmentation of
the airways was done first, followed by manual modification. After segmentation, a representa-
tive branch from each segment was selected. Specifically, left segments 1+2 and segments 7+8
were each counted as a single segment. As such, a maximum of 18 segmental and subsegmen-
tal bronchi could be identified per patient. The start and end points of each segmental and sub-
segmental bronchus were marked by the radiologist on either volume-rendered or cross-
sectional images. We subsequently measured and calculated the following for each segmental
and subsegmental bronchus: wall thickness (WT), wall area (WA), lumen average diameter,
lumen area (LA), WA/LA ratio, airway average diameter, and airway area (Fig 1). For simplifi-
cation, we grouped all segmental and subsegmental bronchi according to the pulmonary lobe
in which they were physically located, and the mean value for each parameter was calculated
across all bronchi within each lobe, as follows: right segments 1–3 (the right upper lobe, or
RUL), right segments 4 and 5 (the right middle lobe, or RML), right segments 6–10 (the right
lower lobe, or RLL), left segments 1–5 (the left upper lobe, or LUL), and left segments 6–10
(the left lower lobe, or LLL).
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Air-trapping assessment. Measurements of air-trapping were performed using the previ-
ously published individualized threshold protocol [14]. Two small regions of interest (ROIs)
were identified on the axial images from each chest CT in the areas most representative of nor-
mal and air-trapping parenchyma. The lung’s dependent area was avoided because its lung
attenuation value could be inappropriately exaggerated. The mean CT attenuation values for
each defined ROI were measured, and the average of the two attenuation values was used as
the threshold to distinguish air-trapping areas from normal lung parenchyma. We defined air-
trapping volume (ATV) of the whole lung or lobar lung as the lung volume when the attenua-
tion level was below the established threshold. Each patient’s total lung volume was also mea-
sured, and the air-trapping ratio (ATR) was calculated between ATV and total lung volume.
All measurements were also performed on the pulmonary lobes.
Analysis of PFT
We included PFTs that were completed within one month of the associated chest CT scan. All
tests were performed according to the American Thoracic Society (ATS) criteria [17]. Parameters
of spirometry were measured with a computerized spirometer (Viasys Healthcare, Inc., Consho-
hocken, PA), calibrated according to age, sex, height, weight, and race [18], and expressed as the
z-value. Estimates were obtained using the Global Lungs Initiative 2012 [19]. Forced vital capacity
(FVC), FEV1, peak expiratory flow, and forced expiratory flow at 25–75% of the pulmonary vol-
ume (FEF25-75) were measured before and after bronchodilator inhalation. The impulse oscillome-
try (IOS) study measured the following parameters before and after bronchodilator inhalation:
respiratory resistance, respiratory reactance, and reactance area at a frequency ranging from 5 to
20 Hz. The Z-score for IOS was obtained using the formula devised by Dencker et al. [20].
Statistical analyses
Statistical analyses were completed using IBM SPSS Statistics for Windows, Version 22.0 (IBM
Corp. Armonk, NY, USA). The Kolmogorov-Smirnov test was used to assess the normality of
Fig 1. Schematic drawing of airway parameters. WA, wall area; LA, lumen area; AA, airway area; LAD, lumen average diameter; AAD, airway average
diameter; WT, wall thickness.
https://doi.org/10.1371/journal.pone.0214647.g001
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each dataset, and the correlations between CT measurements and PFT results were assessed
using either the Pearson or Spearman correlation, depending on the normality of the variables.
To analyze the airway parameters, we included the mean value for each segmental bronchus
found in each lung (right and left) and lobe (RUL, RML, RLL, LUL, and LLL). The same pro-
cess was used to assess the same set of airway parameters in the subsegmental bronchi. For air-
trapping parameters, either the Pearson or Spearman correlation analysis was used as outlined
above. P-values less than 0.05 were defined as statistically significant. To compensate for the
multiple comparison problem, Bonferroni correction was applied to the airway parameters
that correlated significantly with the PFT results. The significant p-value for those parameters
was redetermined after the correction.
Results
Patient characteristics, PFT results and CT radiation dose
This study included 23 patients who received a total of 23 CT scans and 23 PFTs. They all were
diagnosed with PIBO by conventional CT. This study population comprised 10 boys and 13
girls, with a mean age at the time of CT scan of 7.0 ± 3.3 years (ranging from 4 to 15 years and
median of 6 years). There were five children aged four, six children aged five, and three chil-
dren aged six. The ranges for height, weight, and body mass index were 99–169 cm, 14–67 kg,
and 13.6–24.0 kg/m2, respectively.
The patients’ clinical characteristics are presented in Table 1. The most common symptom
or sign was cough, followed by wheezing, dyspnea, and crackles. Co-morbidities were found in
12 patients (10 with asthma and two with bronchiectasis). None of the patients had severe clin-
ical symptoms or required home oxygen.
All 23 PFTs were deemed acceptable and reproducible according to the ATS criteria. The
mean time interval (± standard deviation) between each CT scan and its associated PFT was
6.6 ± 8.5 days (ranging from 0–33 days). The spirometry parameters including FVC, FEV1,
Table 1. Patients’ demographics.
Clinical characteristics
Signs and symptoms n (%) Ever confirmed causative infection n (%)
Cough 17 (73.9) Mycoplasma pneumoniae 6 (26.1)
Crackles 5 (21.7) Influenza 2 (8.7)
Wheezing 11 (47.8) RSV 1 (4.3)
Dyspnea 6 (26.1) Adenovirus 1 (4.3)
Co-morbidities
Asthma 10 (43.5) Bronchiectasis 2 (8.7)
Pulmonary function test
Spirometry Z-score Impulse oscillometry Z-score
FVC -1.549 ± 2.351 R5 1.685 ± 1.183
FEV1 -2.180 ± 2.391 R10 1.320 ± 0.902
FEV1/FVC -1.556 ± 1.680 R20 0.863 ± 1.011
FEF25-75 -1.869 ± 1.909 X5 -2.704 ± 2.055
Change in FEV1 after BD, % 3.2 (0.75–17.25)
Values are presented as mean ± standard deviation, median (interquartile range) or number (%)
RSV, respiratory syncytial virus; FVC, forced vital capacity; FEV1, forced expiration volume in one second; FEF25-75, forced expiratory flow at 25–75% of vital capacity;
R5, resistance at 5 Hz; R10, resistance at 10 Hz; R20, resistance at 20 Hz; X5, reactance at 5 H; BD, bronchodilator
https://doi.org/10.1371/journal.pone.0214647.t001
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and FEF25-75 were reduced, and both R5 and R10 were increased while X5 was reduced in IOS
study. Four (17.4%) patients had bronchodilator response in FEV1 (Table 1).
CT scans used the following tube voltages: two scans at 70 kVp, 12 scans at 80 kVp, six
scans at 100 kVp, two scans at 120 kVp, and one scan at 140 kVp (S1 Table). Fifteen of the 23
CT scans also included an intravenous contrast injection. SSDE was determined to be 4.8 ± 5.8
mGy (range, 0.7–22.1 mGy), the dose length product was 166.7 ± 233.2 mGy-cm (range, 20.6–
804.8 mGy-cm), and the effective dose was 2.3 ± 3.0 mSv (range, 0.4–10.5 mSv). All CT scans
were of adequate quality for reading and analysis.
Quantitative CT scan analyses
All relevant airway measurements for each pulmonary lobe and the air-trapping assessment
results are summarized in Table 2. Airway measurements were successfully completed for a
total of 371 of 414 segmental bronchi (89.6%) and 242 of 414 subsegmental bronchi (58.5%).
The proportions of segmental bronchi analyzed for each lobe region were as follows: 66 (66/
69, 95.7%) for the RUL, 39 (39/46, 84.8%) for the RML, 99 (99/115, 86.1%) for the RLL, 84 (84/
92, 91.3%) for the LUL, and 83 (83/92, 90.2%) for the LLL. Of the five youngest patients (each
4 years of age), we successfully analyzed all segmental bronchi in three patients (Fig 2). Failed
airway segmentation among the entire subjects were caused by atelectasis (n = 4, Fig 3), bron-
chiectasis (n = 1), mucus impaction (n = 1), and a motion artifact (n = 1).
Air-trapping assessments were successfully performed during all 23 CT scans. The mean
attenuation value was -760 ± 92 HU in normal lung parenchyma and -851 ± 67 HU in obvi-
ously air-trapping lung parenchyma. The threshold for defining air-trapping, therefore, was
established at -806 ± 75 HU.
Correlations between airway CT parameters and PFT results
Although we found that the precise results from our correlation tests varied slightly between
pulmonary lobes in each patient, we nonetheless found that WA exhibited a significant nega-
tive correlation with pre-bronchodilator FEV1 in both lungs (ρ = -0.481, p = 0.024 in the right
lung and ρ = -0.452, p = 0.034 in the left lung) (Table 3). When the parameters were grouped
by pulmonary lobe, we found that WT and WA exhibited correlations in most lobes (Table 3).
Therefore, Bonferroni correction was applied for those two parameters, and the significant p-
value was determined to be 0.025 (0.05/2). After correction, WA showed significant
Table 2. Quantitative CT airway and air-trapping parameters measured in 23 post-infectious bronchiolitis obliterans patients.
Airway parameters Air-trapping parameters
WT (mm) WA (mm2) LAD (mm) LA (mm2) WA/LA ratio (%) AAD (mm) AA (mm2) ATV (cc) ATR (%)
Right lung 1.4 ± 0.3 20.2 ± 5.8 2.9 ± 0.8 7.4 ± 4.1 363.7 ± 171.6 5.7 ± 0.9 27.7 ± 8.3 195.5 ± 323.5 22.1 ± 16.8
RUL 1.4 ± 0.3 20.4 ± 6.5 2.9 ± 0.8 7.4 ± 4.1 368.1 ± 186.2 5.8 ± 1.0 27.8 ± 8.7 63.4 ± 121.8 18.1 ± 14.6
RML 1.4 ± 0.3 20.0 ± 7.3 2.9 ± 1.2 7.8 ± 6.9 371.5 ± 200.3 5.7 ± 1.3 27.8 ± 12.6 41.2 ± 39.1 35.7 ± 20.0
RLL 1.4 ± 0.3 19.3 ± 6.0 2.8 ± 0.5 6.6 ± 2.4 355.3 ± 151.6 5.6 ± 0.8 25.9 ± 7.2 91.0 ± 170.3 20.9 ± 19.8
Left lung 1.3 ± 0.4 18.6 ± 7.5 2.8 ± 0.8 7.4 ± 4.7 336.9 ± 180.8 5.5 ± 1.1 26.0 ± 10.3 196.1 ± 311.8 26.3 ± 18.9
LUL 1.3 ± 0.4 16.9 ± 7.2 2.6 ± 0.9 6.4 ± 4.8 362.3 ± 227.7 5.2 ± 1.1 23.3 ± 10.0 84.2 ± 127.3 23.7 ± 17.1
LLL 1.4 ± 0.4 21.3 ± 8.9 3.1 ± 0.9 8.6 ± 5.4 323.7 ± 153.9 5.9 ± 1.2 29.9 ± 12.0 111.8 ± 193.7 27.6 ± 23.2
Data are mean ± standard deviation.
RUL, right upper lobe; RML, right middle lobe; RLL, right lower lobe; LUL, left upper lobe; LLL, left lower lobe; WT, wall thickness; WA, wall area; LAD, lumen average
diameter; LA, lumen area; AAD, airway average diameter; AA, airway area; ATV, air-trapping volume; ATR, air-trapping ratio
https://doi.org/10.1371/journal.pone.0214647.t002
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correlations with FEV1 in the RUL, RLL, and LUL (Fig 4). The IOS study, however, revealed
no significant correlation with any airway parameters in any of the pulmonary lobes.
In the subsegmental bronchi, we identified a similar correlation between airway parameters
and PFT, with WA demonstrating a significant negative correlation with pre-bronchodilator
FEV1 in both lungs (ρ = -0.632, p = 0.006 in right lung and ρ = -0.577, p = 0.015 in left lung).
Correlations between air-trapping CT parameters and PFT results
Of the two air-trapping-related CT parameters, only ATV was found to have a significant
negative correlation with pre- and post-bronchodilator FEV1, as well as a positive correla-
tion with respiratory reactance at 5Hz in the majority of pulmonary lobes (the RML was the
exception). We found the relevant correlation coefficients (ρ) between ATV and pre- and
post-bronchodilator FEV1 to be -0.472 (p = 0.023) and -0.474 (p = 0.022), respectively, in
the right lung and -0.571 (p = 0.004) and -0.571 (p = 0.004) in the left lung (Table 4). The
correlations between ATV and pre-bronchodilator FEV1 in each lobe are shown in Fig 4.
The ρ between ATV and respiratory reactance at 5Hz was 0.693 (p < 0.001) in the RUL,
0.338 (p = 0.114) in the RML, 0.648 (p = 0.001) in the RLL, 0.644 (p = 0.001) in the LUL,
and 0.723 (p < 0.001) in the LLL.
Fig 2. A representative case of successful quantitative analysis of a four-year-old girl with post-infectious bronchiolitis obliterans. (A) The coronal
reconstructed CT image demonstrates bronchial wall thickening with mosaic attenuation in bilateral lungs. (B and C) Automatic airway segmentation (B) and
subsequent manual editing (C) reveal all segmental bronchi in bilateral lungs. (D) Each segment is labeled. (E) Small regions of interest are drawn at normal
and obviously air-trapping lung parenchyma to calculate the individualized threshold value of air-trapping. (F) Lung parenchyma area with CT attenuation
value lower than the calculated threshold is marked with orange.
https://doi.org/10.1371/journal.pone.0214647.g002
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Discussion
It is not easy to obtain reliable PFT results from pediatric patients, even though it is important
to assess their pulmonary function and monitor it periodically. In this study, we investigated
the feasibility of using CT-based quantitative airway and air-trapping measurements to evalu-
ate PIBO in children (considering the histopathology of PIBO as concentric narrowing and
obliteration of small airways). The success rate of segmental bronchi measurement was almost
90%. Moreover, both airway measurements (WA) and air-trapping assessments (ATV) corre-
lated with pulmonary function parameters, suggesting the possibility of using chest CT for
quantitative evaluation and disease severity assessment in children with PIBO.
In this study, we demonstrated that it is technically feasible to obtain quantitative measure-
ments of segmental airways using CT scans in children, even in preschoolers, and that this
application holds potential clinical value for assessing PIBO patients. For adult patients with a
history of smoking or COPD, quantitative airway analyses of CT scans have been widely used
Fig 3. A representative case showing failure of an attempted quantitative airway analysis of a four-year-old boy with post-infectious bronchiolitis
obliterans. (A) An axial CT image shows atelectasis of right middle lobe and left lower lobe. Airways are not delineable in the affected areas. (B) Airway
segmentation failed in the corresponding and distal regions.
https://doi.org/10.1371/journal.pone.0214647.g003
Table 3. Correlations between airway parameters and pre-bronchodilator FEV1.
Airway parameters
WT WA LAD LA WA/LA ratio AAD AA
ρ p-value ρ p-value ρ p-value ρ p-value ρ p-value ρ p-value ρ p-value
Right lung -0.456 0.033 -0.481 0.024� -0.048 0.831 -0.044 0.845 -0.195 0.384 -0.336 0.127 -0.357 0.102
RUL -0.414 0.055 -0.490 0.021� -0.101 0.656 -0.067 0.765 -0.041 0.858 -0.379 0.082 -0.396 0.068
RML -0.486 0.030 -0.440 0.052 -0.012 0.959 0.000 0.999 -0.270 0.250 -0.264 0.261 -0.255 0.278
RLL -0.462 0.035 -0.512 0.018� -0.172 0.457 -0.192 0.405 -0.156 0.501 -0.449 0.041 -0.490 0.024
Left lung -0.384 0.078 -0.452 0.034 -0.156 0.488 -0.217 0.332 -0.226 0.312 -0.389 0.073 -0.432 0.045
LUL -0.430 0.046 -0.486 0.022� -0.056 0.804 -0.089 0.692 -0.283 0.202 -0.350 0.110 -0.394 0.069
LLL -0.384 0.078 -0.453 0.034 -0.235 0.292 -0.295 0.183 -0.173 0.443 -0.437 0.042 -0.471 0.027
� Statistically significant values after applying Bonferroni correction for WT and WA (p<0.025)
RUL, right upper lobe; RML, right middle lobe; RLL, right lower lobe; LUL, left upper lobe; LLL, left lower lobe; WT, wall thickness; WA, wall area; LAD, lumen average
diameter; LA, lumen area; AAD, airway average diameter; AA, airway area
https://doi.org/10.1371/journal.pone.0214647.t003
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[21,22]. By contrast, no previous study of children has quantitatively analyzed segmental air-
ways based on CT data, though two semi-quantitative analyses in children used scoring system
based on qualitative image findings [5,13]. Our study is thus the first to evaluate quantitative
chest CT assessment, including airway measurements, in children, and we demonstrated its
potential clinical value for assessing PIBO patients.
In the present study, CT-based quantitative airway measurements were successfully com-
pleted for 89.6% of all segmental bronchi across all patients, suggesting that a reasonable
degree of quantitative segmental bronchi analysis can be completed in children. The success
rate for subsegmental bronchi, however, was only 58.5%, suggesting that these methods are
not as effective at resolving particularly small bronchial regions while maintaining a low radia-
tion dose. We argue, however, that even with the reduced spatial resolution of a pediatric chest
CT, these results are sufficient to support their clinical application.
Fig 4. Scatter plots for each lobe of both lungs. Scatter plots demonstrating the correlation of wall area (WA) or air-
trapping volume (ATV) with pre-bronchodilator forced expiration volume in one second (FEV1) in each pulmonary
lobe of both lungs.
https://doi.org/10.1371/journal.pone.0214647.g004
Table 4. Correlations between air-trapping parameters and pre-bronchodilator FEV1.
Air-trapping parameters
ATV ATR
ρ p-value ρ p-value
Right lung -0.472 0.023� -0.219 0.315
RUL -0.499 0.015� -0.327 0.128
RML -0.274 0.206 0.158 0.473
RLL -0.478 0.021� -0.273 0.207
Left lung -0.571 0.004� -0.396 0.061
LUL -0.443 0.034� -0.071 0.747
LLL -0.628 0.001� -0.478 0.021�
� Statistically significant values (p<0.05)
RUL, right upper lobe; RML, right middle lobe; RLL, right lower lobe; LUL, left upper lobe; LLL, left lower lobe;
ATV, air-trapping volume; ATR, air-trapping ratio
https://doi.org/10.1371/journal.pone.0214647.t004
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There were notable findings in the PFT results. The study population showed a low Z-score
of FEF25-75 and a high Z-score of resistance at a low frequency, suggesting that this population
has peripheral airway obstruction, which is compatible with PIBO. The parameters of spirome-
try and IOS showed reduced lung function and increased peripheral airway resistance even
after bronchodilator inhalation (data not shown), which represented persistent airflow limita-
tion in PIBO.
In assessing the correlations between CT-based airway measurements and PFT results, we
identified a significant negative correlation between WA and FEV1 in the majority of the pul-
monary lobes. FEV1 is known to be the most reproducible parameter that reflects the severity
of obstructive lung disease, and its value decreases under conditions of increasing pathological
symptoms. The WA widening can be from the inflammation surrounding the airway lumen as
a feature of PIBO [3]. However, not only wall thickening, but also luminal narrowing and
bronchiectasis can affect the results of WA, WT and LA, so all these parameters should be
interpreted together. Moreover, we found that the degree of correlation varied depending on
the lobe being examined, and we found no correlation between WA, ATV, and FEV1 in the
RML. PIBO can produce a highly heterogeneous distribution of severity across the lung
regions, suggesting that the variable degrees of correlation between CT-based measurements
and PFT results for each lobe likely reflect the true heterogeneity of the disease.
Quantitative chest CT analysis also includes air-trapping assessment, and several studies
have examined its clinical utility for adult patients. There are two critical differences between
adults and children that should be taken into account when measuring ATV. First, the degree
of CT attenuation in normal lungs changes depending on age in children [23]; second, respira-
tory control is often difficult to realize for children.
In this study, we applied the individualized threshold method originally established by Kim
et al. [14] to measure ATV in PIBO patients, and our analyses identified a significant negative
correlation between ATV and FEV1 in both lungs and in the majority of lobes, which is consis-
tent with our WA measurement results. This finding is consistent with the known PIBO
pathophysiology, which states that the greater is the trapped air volume, the greater is the
severity of the disease. We expected that ATV measurements would have practical advantages
because they require less time and effort than a complete airway analysis. We found that ATV
also correlated with an IOS parameter (reactance at 5 Hz). Parameters measured by IOS have
been shown to reflect the small airways in the lung periphery [24]. For example, previous work
reported that impedance, resistance, and reactance at 5 Hz are unusually high in PIBO patients
[25]. Overall, our results are consistent with this previous study, and together they suggest that
ATV could reflect the true condition of the small airways. Regardless of the use of intravenous
contrast, air-trapping was evaluated using the individualized threshold in this study and, as
with previous study, significant results were obtained. However, further studies are needed on
how contrast medium affects the evaluation of air-trapping in children.
The present study does have some limitations. First, we examined only 23 patients because
we required a short amount of time between the CT and PFT to increase the validity of the cor-
relation analysis. Second, this was a retrospective study that examined previously collected
data, making it vulnerable to potential selection bias and to inconsistent CT scan protocols
that could affect spatial resolution or alter the possibility of airway segmentation. Intravenous
contrast use, contrast phase, and image reconstruction kernels can affect the bronchial wall
thickness measurements, as demonstrated in a study with an adult population [26]. However,
no one has studied those effects in children. The respiratory phase was not fixed, which can
affect the attenuation value of the lung parenchyma, as well as other airway parameters, but
that is unfortunately unavoidable when performing CT scans on children. Third, this study
lacks longitudinal follow-up data. PFT does not precisely indicate disease severity, and as such,
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identifying a measurement that correlates well with the clinical outcome would provide a bet-
ter demonstration of the benefit of using quantitative analysis in these patients. Fourth, neither
inter-observer nor intra-observer reliability of the quantitative measurements could be calcu-
lated because only one radiologist performed each analysis once. Despite those limitations, this
study provides meaningful evidence that quantitative CT analysis of pediatric PIBO patients
can be leveraged for more effective diagnosis and treatment assessments. Even though these
CT measurements can be a time-consuming procedure, selecting assessments such as WA and
ATV could shorten the measuring time and make clinical applications more feasible. We sug-
gest that future research be undertaken with a larger sample size and the measurement of
long-term clinical outcomes.
Conclusions
We found that effective quantitative airway measurements and air-trapping assessments based
on chest CT of young children are technically feasible, and that some of their metrics correlate
with pulmonary function parameters in pediatric PIBO patients, specifically WA measure-
ments in the airway and ATV in air-trapping. Our findings suggest potential clinical applica-
tions of quantitative CT to estimate disease severity in children with PIBO whose PFT cannot
be assessed due to limited compliance.
Supporting information
S1 Table. Patients information, CT acquisition data and radiation dose.
(DOCX)
Acknowledgments
The authors thank Yun Ho Roh, MS (Biostatistics Collaboration Unit, Yonsei University Col-
lege of Medicine), for his contribution to the statistical analyses; Dong-Su Jang, MFA (medical
illustrator), for his help producing figures; and Young Mi Chun (Philips Healthcare), RT, for
support with image analyses. None of the authors have anything to declare.
Author Contributions
Conceptualization: Jonghyeon Kim, Kyung Won Kim, Mi-Jung Lee.
Data curation: Jonghyeon Kim, In Suk Sol, Haesung Yoon, Hyun Joo Shin, Mi-Jung Lee.
Formal analysis: Jonghyeon Kim, In Suk Sol, Hyun Joo Shin, Kyung Won Kim, Mi-Jung Lee.
Funding acquisition: Mi-Jung Lee.
Investigation: Jonghyeon Kim, Myung-Joon Kim, In Suk Sol, Myung Hyun Sohn, Kyung
Won Kim, Mi-Jung Lee.
Methodology: Jonghyeon Kim, In Suk Sol, Haesung Yoon, Kyung Won Kim, Mi-Jung Lee.
Project administration: Myung-Joon Kim, Myung Hyun Sohn, Kyung Won Kim, Mi-Jung
Lee.
Resources: Mi-Jung Lee.
Software: In Suk Sol, Haesung Yoon, Mi-Jung Lee.
Supervision: Myung-Joon Kim, Myung Hyun Sohn, Kyung Won Kim, Mi-Jung Lee.
Validation: In Suk Sol, Mi-Jung Lee.
Quantitative CT in children with post-infectious bronchiolitis obliterans
PLOS ONE | https://doi.org/10.1371/journal.pone.0214647 April 1, 2019 11 / 13
Visualization: Jonghyeon Kim, Hyun Joo Shin, Mi-Jung Lee.
Writing – original draft: Jonghyeon Kim, Kyung Won Kim, Mi-Jung Lee.
Writing – review & editing: Jonghyeon Kim, Myung-Joon Kim, In Suk Sol, Myung Hyun
Sohn, Haesung Yoon, Hyun Joo Shin, Kyung Won Kim, Mi-Jung Lee.
References
1. Fischer GB, Sarria EE, Mattiello R, Mocelin HT, Castro-Rodriguez JA. Post infectious bronchiolitis oblit-
erans in children. Paediatr Respir Rev. 2010; 11: 233–239. https://doi.org/10.1016/j.prrv.2010.07.005
PMID: 21109182
2. Colom AJ, Teper AM. Post-infectious bronchiolitis obliterans. Pediatr Pulmonol. 2018. 2018/12/15.
https://doi.org/10.1002/ppul.24221 PMID: 30548423
3. Mauad T, Dolhnikoff M. Histology of childhood bronchiolitis obliterans. Pediatr Pulmonol. 2002; 33:
466–474. https://doi.org/10.1002/ppul.10097 PMID: 12001281
4. Loeb JS, Blower WC, Feldstein JF, Koch BA, Munlin AL, Hardie WD. Acceptability and repeatability of
spirometry in children using updated ATS/ERS criteria. Pediatr Pulmonol. 2008; 43: 1020–1024. https://
doi.org/10.1002/ppul.20908 PMID: 18785259
5. Mattiello R, Sarria EE, Mallol J, Fischer GB, Mocelin H, Bello R, et al. Post-infectious bronchiolitis oblit-
erans: can CT scan findings at early age anticipate lung function? Pediatr Pulmonol. 2010; 45: 315–
319. https://doi.org/10.1002/ppul.21115 PMID: 20205267
6. Yoon H, Kim MJ, Yoon CS, Choi J, Shin HJ, Kim HG, et al. Radiation dose and image quality in pediatric
chest CT: effects of iterative reconstruction in normal weight and overweight children. Pediatr Radiol.
2015; 45: 337–344. https://doi.org/10.1007/s00247-014-3176-9 PMID: 25256153
7. Kauczor HU, Wielputz MO, Owsijewitsch M, Ley-Zaporozhan J. Computed tomographic imaging of the
airways in COPD and asthma. J Thorac Imaging. 2011; 26: 290–300. https://doi.org/10.1097/RTI.
0b013e3182277113 PMID: 22009082
8. Lederlin M, Laurent F, Portron Y, Ozier A, Cochet H, Berger P, et al. CT attenuation of the bronchial wall
in patients with asthma: comparison with geometric parameters and correlation with function and histo-
logic characteristics. AJR Am J Roentgenol. 2012; 199: 1226–1233. https://doi.org/10.2214/AJR.11.
8396 PMID: 23169712
9. Montaudon M, Lederlin M, Reich S, Begueret H, Tunon-de-Lara JM, Marthan R, et al. Bronchial mea-
surements in patients with asthma: comparison of quantitative thin-section CT findings with those in
healthy subjects and correlation with pathologic findings. Radiology. 2009; 253: 844–853. https://doi.
org/10.1148/radiol.2533090303 PMID: 19789219
10. Orlandi I, Moroni C, Camiciottoli G, Bartolucci M, Pistolesi M, Villari N, et al. Chronic obstructive pulmo-
nary disease: thin-section CT measurement of airway wall thickness and lung attenuation. Radiology.
2005; 234: 604–610. https://doi.org/10.1148/radiol.2342040013 PMID: 15671010
11. Hastie AT, Martinez FJ, Curtis JL, Doerschuk CM, Hansel NN, Christenson S, et al. Association of spu-
tum and blood eosinophil concentrations with clinical measures of COPD severity: an analysis of the
SPIROMICS cohort. Lancet Respir Med. 2017; 5: 956–967. https://doi.org/10.1016/S2213-2600(17)
30432-0 PMID: 29146301
12. Bhatt SP, Washko GR, Hoffman EA, Newell JD Jr., Bodduluri S, Diaz AA, et al. Imaging Advances in
Chronic Obstructive Pulmonary Disease: Insights from COPDGene. Am J Respir Crit Care Med. 2018.
2018/10/12. https://doi.org/10.1164/rccm.201807-1351SO PMID: 30304637
13. Yoon HM, Lee JS, Hwang JY, Cho YA, Yoon HK, Yu J, et al. Post-infectious bronchiolitis obliterans in
children: CT features that predict responsiveness to pulse methylprednisolone. Br J Radiol. 2015; 88:
20140478. https://doi.org/10.1259/bjr.20140478 PMID: 25710129
14. Kim HG, Shin HJ, Kim YH, Sohn MH, Lyu CJ, Kim MJ, et al. Quantitative computed tomography assess-
ment of graft-versus-host disease-related bronchiolitis obliterans in children: A pilot feasibility study. Eur
Radiol. 2015; 25: 2931–2936. https://doi.org/10.1007/s00330-015-3700-9 PMID: 25809743
15. Boone JM, Strauss KJ, Cody DD, McCollough CH, McNitt-Gray MF, Toth TL. Size-specific dose esti-
mates (SSDE) in pediatric and adult body CT examinations. AAPM report: American Association of
Physicists in Medicine; 2011.
16. McCollough C, Cody D, Edyvean S, Geise R, Gould B, Keat N, et al. The measurement, reporting and
management of radiation dose in CT. AAPM report: American Association of Physicists in Medicine;
2008.
Quantitative CT in children with post-infectious bronchiolitis obliterans
PLOS ONE | https://doi.org/10.1371/journal.pone.0214647 April 1, 2019 12 / 13
17. Lung function testing: selection of reference values and interpretative strategies. American Thoracic
Society. Am Rev Respir Dis. 1991; 144: 1202–1218. https://doi.org/10.1164/ajrccm/144.5.1202 PMID:
1952453
18. Hankinson JL, Odencrantz JR, Fedan KB. Spirometric reference values from a sample of the general U.
S. population. Am J Respir Crit Care Med. 1999; 159: 179–187. https://doi.org/10.1164/ajrccm.159.1.
9712108 PMID: 9872837
19. Quanjer PH, Brazzale DJ, Boros PW, Pretto JJ. Implications of adopting the Global Lungs Initiative
2012 all-age reference equations for spirometry. Eur Respir J. 2013; 42: 1046–1054. https://doi.org/10.
1183/09031936.00195512 PMID: 23520323
20. Dencker M, Malmberg LP, Valind S, Thorsson O, Karlsson MK, Pelkonen A, et al. Reference values for
respiratory system impedance by using impulse oscillometry in children aged 2–11 years. Clin Physiol
Funct Imaging. 2006; 26: 247–250. https://doi.org/10.1111/j.1475-097X.2006.00682.x PMID:
16836699
21. Johannessen A, Skorge TD, Bottai M, Grydeland TB, Nilsen RM, Coxson H, et al. Mortality by level of
emphysema and airway wall thickness. Am J Respir Crit Care Med. 2013; 187: 602–608. https://doi.
org/10.1164/rccm.201209-1722OC PMID: 23328525
22. Dournes G, Laurent F, Coste F, Dromer C, Blanchard E, Picard F, et al. Computed tomographic mea-
surement of airway remodeling and emphysema in advanced chronic obstructive pulmonary disease.
Correlation with pulmonary hypertension. Am J Respir Crit Care Med. 2015; 191: 63–70. https://doi.org/
10.1164/rccm.201408-1423OC PMID: 25393421
23. Stein JM, Walkup LL, Brody AS, Fleck RJ, Woods JC. Quantitative CT characterization of pediatric lung
development using routine clinical imaging. Pediatr Radiol. 2016; 46: 1804–1812. https://doi.org/10.
1007/s00247-016-3686-8 PMID: 27576458
24. Bickel S, Popler J, Lesnick B, Eid N. Impulse oscillometry: interpretation and practical applications.
Chest. 2014; 146: 841–847. https://doi.org/10.1378/chest.13-1875 PMID: 25180727
25. Li YN, Liu L, Qiao HM, Cheng H, Cheng HJ. Post-infectious bronchiolitis obliterans in children: a review
of 42 cases. BMC Pediatr. 2014; 14: 238. https://doi.org/10.1186/1471-2431-14-238 PMID: 25252824
26. Dettmer S, Entrup J, Schmidt M, de Wall C, Wacker F, Shin H. Bronchial wall thickness measurement
in computed tomography: effect of intravenous contrast agent and reconstruction kernel. Eur J Radiol.
2012; 81: 3606–3613. https://doi.org/10.1016/j.ejrad.2012.04.026 PMID: 22673777
Quantitative CT in children with post-infectious bronchiolitis obliterans
PLOS ONE | https://doi.org/10.1371/journal.pone.0214647 April 1, 2019 13 / 13
